Abstract Biomass demand for energy will lead to utilization of marginal, low fertility soil. Application of fertilizer to such soil may increase switchgrass (Panicum virgatum L.) biomass production. In this three-way factorial field experiment, biomass yield response to potassium (K) fertilizer (0 and 68 kgK ha −1
Introduction
Current and future increase in demand for bioenergy crops may lead to utilization of marginal low fertility soils for switchgrass production. Early screening studies facilitated by the US Department of Energy identified switchgrass as having potential for production as a bioenergy crop [1] . Subsequent research looked into variety development, regional adaptations, and management strategies to improve switchgrass productivity [2] . While switchgrass has adaptive traits that allow it to grow in marginal areas with low soil fertility [2, 3] , its economic productivity may be improved with better fertilizer management strategies. Several studies have reported positive responses to nitrogen (N) fertilizer by switchgrass produced for bioenergy [4] [5] [6] [7] , and responses to phosphorus (P) fertilization by switchgrass for both forage and bioenergy [8] [9] [10] [11] [12] [13] have been reported. Response data of switchgrass to potassium (K) fertilization is limited, especially on low fertility soils, where switchgrass is most likely to be grown for bioenergy purposes.
Potassium, a critical element involved in enzyme activation, protein synthesis, stomatal regulation, plant-water relations, and cation-anion balance in the plant [14] can affect crop growth when it is deficient. While optimal crop growth may be possible in high fertility soils, application of K fertilizers to areas with low inherent soil K may be needed for increased biomass yield. Potassium fertilization has been reported to increase water-and N-use efficiency in warmseason cereals like pearl millet [Pennisetum americanum (L.) Leeke] and sorghum (Sorghum bicolor L.) and forage yields in warm-season forages like bermudagrass (Cynodon dactylon Pers.) [15, 16] . In fact, bermudagrass yield per unit of N dropped from 42 to 36 kg in absence of K fertilizer; K fertilizer increased total yield by 12 % [17] . At two Kdeficient sites in eastern Texas, application of K at rates up to 278 kgK ha −1 increased "Coastal" bermudagrass forage yield by between 10 and 71 % [18] . Unlike forage and grain crops whose fertilizer requirements have been well documented, there is limited information on K requirements for switchgrass biomass production, and data available have been contradictory and mostly from greenhouse experiments. In one study, biomass yield of switchgrass harvested at anthesis showed no response to K fertilizer despite a twofold increase in tissue K concentration [19] . In another study, switchgrass receiving either N and P or N, P, and K fertilizer produced greater biomass than switchgrass receiving N fertilizer alone [9] . Despite the critical roles of K in plant growth and function, few studies have examined K fertilizer requirements of switchgrass for bioenergy biomass production. Management factors that may affect switchgrass requirements for K are harvest timing and frequency. Harvesting biomass after plant senescence allows nutrients to be remobilized to belowground structures, thereby reducing nutrient concentrations and removal rates [4, 7, 13, 20, 21] . While several reports have pointed out that one-cut per year harvests produce near maximum switchgrass biomass yields [4] [5] [6] , others have reported significant increases in biomass yield with a two-cut per year system [7, 22] . Several of these studies delayed harvest of switchgrass until after a killing frost to allow the crop to fully senesce and reduce biomass nutrient concentration even further. Despite the potential for greater switchgrass yield with multiple harvests per year, excessive removal of nutrients during early-to mid-summer harvests [7, 22, 23] could result in nutrient mining and deplete inherent soil fertility over time. Increased removal of nutrients has been observed in warm-season grasses harvested multiple times during the growing season. For example in coastal bermudagrass, biomass yield responses to K fertilization were not observed in first and second cuttings but were observed in third and forth cuttings as a result of soil K depletion from earlier cuts [18] . At a fertilization rate of 278 kgKha −1 , soil exchange K levels at 0-to15-cm depths after 3 years of bermudagrass production were reduced to levels below those found at project initiation [18] . By harvesting biomass in post-frost periods, nutrients like K may be leached out of senesced plant material [24] and returned to the soil, reducing K removal in biomass. Previous studies have reported K concentrations as low as 0.60 gkg −1 DM in switchgrass harvested the following spring, values more than 80 % lower than that of switchgrass harvested in autumn [25, 26] . Increased removal of nutrients by harvesting multiple times per year and possible reductions in soil fertility may increase fertilizer requirements of bioenergy crops in the future. Therefore, harvest frequency and timing are critical factors in development of fertilizer programs for long-term production of switchgrass for bioenergy [27] . Monti et al. [27] compared two-cut and one-cut system and found that the twocut system produced greater biomass during the first two seasons, but reduced switchgrass vigor and productivity the following two seasons. Because of the paucity of information on K fertilizer on switchgrass biomass and nutrient removal, an experiment was carried out with the objective of evaluating the effects of harvest system and K fertilizer rate on biomass yield and nutrient removal rates of switchgrass under no-N fertilizer or adequate (135 kgNha ) N fertilizer level.
Materials and Methods
Research was conducted at the Noble Foundation Pasture Demonstration Farm in Carter County (34°22′N; 97°21′ W) near Ardmore, Oklahoma from 2008 to 2011. The experiment was a randomized complete block design with a factorial arrangement of treatments and four replications. Treatments consisted of two harvest systems, two N fertilizer rates, and two K fertilizer rates. Harvest systems included harvesting once per year after killing frost (December) or twice per year, first cut at boot stage (July) and the regrowth after killing frost. Nitrogen fertilizer (46-0-0) was applied at 0 or 135 kgNha −1 and K fertilizer (0-0-60) was applied at 0 or 68 kgK 2 Oha −1 in order that neither N or K would be limiting for switchgrass growth based on recommended fertilizer rates [28] . Treatments were applied to a 1-yearold stand of "Alamo" switchgrass planted at 4.5 kg pure live seed per hectare using a Brillion (Brillion, WI, USA) broadcaster seeder in early May 2007. The soil at the site was a Chickasha loam (fine loamy, mixed, active, thermic Udic Argiustolls) and at the 0-15 cm depth had the following characteristics at project initiation: pH6.1, 2.2 % organic matter, NO 3 -N (9 mgkg −1 soil), P (44 mgkg
Mg (282 mgkg −1 soil), and Na (23 mgkg −1 soil). Phosphorus fertilizer was not applied to the experimental plots because the soil test P level was considered sufficient for native warm-season grass production in Oklahoma [28] . Following drying at 60°C, samples were ground to pass a <1 mm screen using a Wiley Mill (Thomas Scientific, Swedesboro, NJ, USA) and prepared for nutrient analysis. Nutrient concentrations were estimated with near-infrared spectroscopy (NIRS) analysis using equations developed by the NIRS Forage and Feed Testing Consortium (Table 2 ) and included DM, N, P, K, Ca, and Mg. The amount of nutrient removed annually in the two-cut harvest system was calculated using total annual biomass yield and mean nutrient concentration from both harvest periods. In the one-cut system, nutrient removal was calculated using the biomass yield after frost and nutrient concentration at time of harvest.
Average nutrient concentration in biomass material for the two-cut system was calculated as a weighted average,
, where X a 0aver-age nutrient concentration (grams per kilogram), X s 0nutri-ent concentration (grams per kilogram) in summerharvested biomass, X w 0nutrient concentration (grams per kilogram) in winter (regrowth) harvested biomass, Y s 0yield (kilograms) of summer harvested biomass, and Y w 0yield (kilograms) of winter (regrowth) harvested biomass.
Analysis of variance was conducted using the mixed models procedure in SAS to determine main effects and interactions of harvest system, K and N fertilizer rate on total annual biomass, nutrient concentration, and nutrient removal rates. Harvest system, K and N fertilizer rate were considered fixed effects, and years and replications were considered random effects in the analyses. Year was considered a repeated measure for biomass and nutrient removal rates. The statistical models applied the autoregressive (AR1) spatial power covariance structure to account for temporal autocorrelation in data collected across growing periods. Independent analysis was done for summer harvest to determine the effect of fertilizer application on summer yield and nutrient concentration and removal.
Results
Precipitation during the four production years varied (Fig. 1) . Long-term (30 years) annual rainfall at the site was 967 mm. Total annual precipitation was greater than the long-term average in 2009 (1,142 mm) and less than the long-term average in 2008 (652 mm), 2010 (870 mm), and 2011 (565 mm). Precipitation amounts were especially great in the spring and late summer to early autumn of 2009 (Fig. 1) . June and July of 2011 had the least rainfall with only 14 mm compared to long-term average of 171 mm for the same months. Temperatures were comparable to the long-term average for all years except the summer of 2011. This period was the driest and hottest with temperatures being 2-3°C higher than in other years (data not shown).
Biomass Yield
Switchgrass harvested in the two-cut system generally produced greater biomass (20 % on average) compared to the one-cut system. However, harvest system by N fertilizer, K by N fertilizer, and three-way interaction had significant (P<0.02) effects on biomass, therefore means are reported by harvest system and fertilizer treatment (Table 1) .
One-Cut System
Total biomass was affected (P <0.01) by N and K rate interaction. In the one-cut system, switchgrass receiving K and N fertilizer (14.6 Mgha 
Two-Cut System
During the boot stage harvest (summer), N rate by K rate interaction (P<0.02) affected biomass yield while fertilizer treatment had no effect on regrowth yield. In the two-cut system, the boot stage harvest provided 75 % of the total switchgrass biomass. During the boot stage harvest for the two-cut system, switchgrass plots receiving both N and K produced the greatest biomass, which was 26 % greater than the untreated (no fertilizer) check, 19 % greater than the Nonly treatment, and 39 % greater than the K-only treatment. Total biomass was also affected (P<0.01) by K and N rate interaction. Switchgrass plots receiving both N and K produced the greatest total biomass, which was 27 % greater than the no fertilizer check, 20 % greater than the N-only treatment, and 36 % greater than the K-only treatment.
Nutrient Concentrations in Harvested Biomass
Harvest timing by N fertilizer by K fertilizer treatment interactions affected nutrient concentrations (N, P, K, Ca, and Mg); therefore, nutrient concentration means are reported by harvest system.
One-Cut System
The concentrations of N, P, K, Ca, and Mg for the one-cut harvest system were 8.3, 1.01, 2.7, 2.9, and 3.5 gkg −1 , respectively ( Table 2 ). The one-cut system harvested after frost had 27, 31, and 76 % lesser concentrations of N, P, and K, respectively, than biomass harvested in the two-cut system. In the one-cut harvest system, K application did not affect nutrient concentrations in the biomass. However, across K fertilizer rates, N fertilizer increased N (27 %), P (16 %), Mg (17 %) from 7.3, 0.93 and 3.2 gkg −1 to 9.3, 1.08, and 3.7 gkg −1 , respectively.
Two-Cut System
The concentrations of N, P, K, Ca, and Mg for two-cut harvest system averaged 11.4, 1.5, 10.9, 4.1, and 3.8 gkg
, respectively (Table 2) . Regrowth biomass had 26 % greater N (13.6 gkg ) compared to boot stage harvest in summer (Table 2). During boot stage harvest in summer and the regrowth harvest after frost, switchgrass receiving both N and K fertilizer had greater N, P, K, and Mg than switchgrass in the unfertilized plots. Nitrogen fertilizer increased nutrient concentration for all nutrients, except Ca; however, K fertilizer did not affect nutrient (N, P, K, Ca, and Mg) concentration.
Nutrient Removal
Nitrogen and Ca removal was affected by N fertilizer and harvest timing while P, K, and Mg removal was affected harvest timing by N fertilizer and harvest timing by K fertilizer treatment interactions. The two-cut system removed greater amounts of N (67 %), P (74 %), K (392 %), Ca (65 %), and Mg (32 %) than the one-cut system (Table 3 ). In the one-cut system, applying either N or K alone generally did not affect nutrient removal when compared to the unfertilized check; however, switchgrass fertilized with both N and K fertilizer removed 37-48, 31-40, and 26-35 % greater N, P, and Mg, respectively, when compared to switchgrass removal in the non-N fertilizer treatments. During the boot stage harvest in summer for the two-cut system, K fertilizer generally did not affect nutrient removal by switchgrass receiving no N fertilizer. Compared to switchgrass receiving no fertilizer, N fertilized switchgrass removed greater amounts of N (44 %), Ca (12 %), and Mg (28 %). Switchgrass receiving both K and N fertilizer removed 40 % greater nutrients compared to switchgrass receiving only K fertilizer. For regrowth harvest in winter, N and K fertilized switchgrass removed greater amounts of nutrients than switchgrass receiving either fertilizer or no fertilizer. Because harvested biomass and its nutrient concentration were greater in summer than in that of regrowth harvest in the winter, nutrient removal was much greater in summer.
Discussion
The biomass production in summer (boot stage) when switchgrass began reproductive phase was 90 % of one-cut harvest in winter, a fraction comparable to those found by others [7, 22, 27] . Low additional biomass after this time may have been due to allocation of resources away from vegetative towards reproductive development, and thus diminished reserves available for regrowth. In addition, lower rainfall during late summer after harvest, likely contributed to the reduction in biomass production in the regrowth. The greater total annual biomass from the two-cut systems is due to additional growth that occurred after harvest in July, which is similar to initial findings of Monti et al [27] . Unlike the one-cut system where the plant canopy likely hindered light penetration and reduced growth of crown buds, harvesting in July exposed the buds to sunlight and stimulated growth. Before onset of killing frost, total growth of new tillers from crown buds that breaks after summer cut would be greater than that achieved in an uncut canopy. Based on results of this study, the two-cut system maximized total switchgrass biomass yield, although this system would require greater nutrient inputs. The effects of harvest system and K fertilizer rate on biomass yield and nutrient removal rates of switchgrass were evaluated under no-N fertilizer or adequate (135 kgN ha −1 ) N fertilizer. Greater nutrient concentration in the summer harvest compared to winter is due to fact that switchgrass was harvested at the start of reproductive stage. In the one-cut per year system, switchgrass nutrient remobilization may have started earlier after physiological maturity, and hence, the relatively lesser nutrient concentrations than that occurring in regrowth biomass. However, compared to the summer harvest, the greater nutrient levels in the regrowth may be due to the relatively high leaf to stem ratio for the regrowth compared to summer-harvested material. The greater nutrient removal by the two-cut system was a result of the great amount of nutrient removed during the summer harvest when biomass nutrient concentrations were greater. Within the one-cut only system, switchgrass started senescence after flowering and nutrients were remobilized to below-ground storage reserves. While remobilization of nutrients from senescing organs to other parts of the plants have been reported in studies on other plants [29] [30] [31] [32] , it has been reported that nutrient concentration in switchgrass material in autumn is less than in the winter [7, 13, 21] because in the autumn, the plant is initiating senescence while in winter, the above-ground portion is dead. Therefore, by the time of frost kill at end of November, significant amounts of nutrient will have been removed from the aboveto below-ground structures. In addition, nutrients like K, which are easily leached [24] , may continue being lost as switchgrass senesces in the field. This could explain the more than fourfold reduction in biomass K concentration in winter-harvested material compared to that in summer. Remobilization and loss of nutrients explains the lesser removal rates observed in one-cut per year harvest system. The increase in N, P, K, and Mg removal rates with N fertilizer was a result of both the increase in biomass and nutrient concentrations with N fertilization. Due to the greater nutrient removal of the two-cut system, the one-cut system may be more sustainable.
Conclusion
Based on these results, there was no yield advantage to harvesting twice during the season, combined with fact that the two-cut system removed greater amounts of nutrients, which would require greater inputs. Therefore a single-cut harvest after frost would be recommended for switchgrass biofuel production. In soils with low plant-available K, there was no switchgrass yield response to K fertilizer when applied alone, nor was there a yield response to N fertilizer when applied alone. However, there was a yield response to N and K when applied together, indicating that for maximum biofuel production, proper nutrient management (N, P, and K) is required for switchgrass that is touted as a low input crop, even for a single cut after frost harvest system, that recycles much of its nutrients.
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